Forest harvesters are machines used for felling, delimbing, cross cutting, and sorting of trees in the Nordic countries. During these operations, the operators are exposed to vibration generated from the working process. This study measures the transmission of vibration from the crane to the cabin and to the driver's seat in a harvester during delimbing and felling with varying angles between the crane and machine. Moreover, this study suggests a way to conduct these measurements with a repeatable method. The vibration levels decreased in each step in the vibration chain "crane foot -cabin floor -seat"; less than 10% of the vibration reached the seat pad. The angle between the crane and machine had only minor effects on the transmission. The experimental method used for measuring the vibration seems to give a good opportunity to conduct standardised measurements for different work elements.
INTRODUCTION
In Sweden for the years 2000-2003, the mean annual gross felling was 80.4 m 3 (1) . Harvesting operations in the Nordic countries are mainly carried out according to the cut-to-length system (2) . Trees are delimbed and cross cut on the site to assortments, with lengths between 2.5 and 5.5 m depending on tree species, assortment, and quality. Single-grip harvesters are used for felling, delimbing, and cross cutting with a harvester head at the tip of the boom. To transport the logs to roadside, a forwarder is used. In general, 14 to 18 tonne harvesters are used for final felling and 10 to 14 tonne for thinning. Harvesters are equipped with four to eight wheels and a crane with a 6 to 10 m reach (3) . For a harvester, the crane work is in the range of 54-83% and driving 17-46% depending on the type of harvesting operation (4) (5) (6) (7) .
The operators of forest machines are exposed to vibration as a result of terrain, operating speed, machine design (seat, cabin, engine, crane), and working technique (8) (9) (10) . Vibration could compromise the comfort and performance as well as increase the probability of medical disorders and injuries (11, 12) .
In a harvester, the vibration generated during different working operations with the harvester head is transmitted to the cabin and further to the driver's seat (11, 12) . Studies on harvesters have shown frequency-weighted accelerations (13) on the seat in the range of 0.1 to 0.6 m/s 2 during forest operations (14, 15) . In general, the highest frequency-weighted acceleration levels have been measured in the frequency range of 0.5 to 8 Hz (14) .
The recommendations given in the "Ergonomic guidelines for forest machines" are an attempt to standardise, among other factors, the vibration measurements on a harvester during forest operations (16) . However, these studies made no distinctions between different work elements, such as crane work and driving. In addition, no distinctions are made between vibrations on different parts of the machine or on the transmission of vibration from working tools to the driver's seat. Therefore, there is a lack of information about how different work elements and operations -e.g., vibration transmitted from the crane during work with crane mounted tools -influence the vibration levels in a harvester. Two work elements at harvesting that can be expected to generate vibration in the crane are felling and delimbing of trees. This study has two main aims: 1) to measure the transmission of vibration from the crane to the cabin and to the driver's seat in a single-grip harvester during delimbing and felling with varying angles between the crane and machine; 2) to suggest a way to measure vibration in a harvester by a repeatable method.
MATERIALS AND METHODS

The measurement site and the machine
The measurements were carried out in the northern part of Sweden and a professional forest machine operator (95 kg) was operating the machine. The study consisted of three parts: experimental felling, experimental delimbing, and delimbing of trees. The experimental parts were conducted on a level surface of gravel. Delimbing of trees was carried out in a level pine forest.
A single-grip harvester Valmet 911.1 (mass 16 900 kg) with a pendulum axle at rear was used (Fig. 1) . The pivot key was locked during the measurements (Fig. 2) . The engine was a 125 kW Valmet 620 DWRE 6-cylinder turbo diesel located at the rear of the chassis. The machine was equipped with Nokian tyres (700/50-16.5 16 TRS LS-2SF tyres on the bogie and 700/55-34 14 TRS L-2 SF tyres on the single axle). The tyre inflation was 350-380 kPa on the single axle and 220 kPa on the bogie.
The 1700 kg parallel crane (Cranab CRH 16) was equipped with lift and swing damper, which smooths peak pressures in the hydraulic system (17) . The total boom-reach was 10 m including the 2.3 m hydraulic extension. It was equipped with a 1255 kg Valmet 965 S-2 harvester head. The crane was side-mounted to the cabin and located on a slew ring on the same rotating base (Fig. 1) . The rotating forces were hydraulically damped. The plate had a "levelling" system that adjusts the cabin horizontally during work on slopes (up to 20˚). For suspension, the cabin was mounted with Simrit hydro-bushings (natural rubber with a degree of hardness ranging from 35 to 68 Shore A no.4618017) on the plate. The seat was a Sittab (Robust 2000), air suspended seat with a gas compensated damper in the up-anddown (Z) direction. The seat has in the fore-and-aft (X) direction an isolator designed for fitting under the driver's seat. The isolator has progressive damping, with mechanical suspension and an adjustable damper. Single-grip harvester Valmet 911.1 and measurement directions X, Y, and Z
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Experimental felling
The experimental felling (EF) was done using a 37 cm dbh aspen timber log fixed in a steel cone ( fig. 2b ). The mass of the log and the cone together was 555 kg with the centre of gravity 2 m above the ground. The distance between the centre of the crane foot and the tree was 7 m. The cone was locked with hooks to a heavy construction on the ground. The harvester grabbed the tree with the harvester head and the felling was simulated by releasing the steel cone with the electrical controlled hooks. The stem with the cone was lifted 0.5 m and the top end was forced to fall to the left side. The top end bounced to the ground while the butt end was lifted to a height of 1 m. The chain saw bar in the harvester head was taken off during the felling. The felling was conducted at the crane angles 0 o , 45 o , and 90 o (Fig. 2a) .
Delimbing
The experimental delimbing (ED) was done at the crane angle of 0˚ (cf. Fig. 2a ) using a timber pole with 40 standardised branches on a 5-m section (Fig. 3a) . The tree was a 9 m long pole with a diameter of 28 cm and a mass of 165 kg. The branches consisted of rounded sticks of pine (diameter 45 mm) with a distance of 25 cm between every pair of branches. The holes were drilled in different directions with the same rotating direction every 1 m. Each hole represented two branches. A new set up of branches was made for each delimbing. In order to prevent the tree from touching the ground during measurements, it was lying on two logs. The crane remained in the same position and the feed rollers fed the tree through the delimbing knifes. The distance between the centre of the crane foot and the harvester head was 7 m. The delimbing process started 2 m before the first branches. The hydraulic pressure on the feeding rolls was the normal setting for this harvester head, 110 bar, but during delimbing of the coarse branched real trees the setting was put on high (150 bar) to be able to cut the extreme coarse branches. The hydraulic pressure on the delimbing knifes was the normal 80 bar.
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Figure 2.
Experimental felling (EF) design: 2a) the crane angles 0o, 45o, and 90o, and 2b) the standard 37 cm dbh tree with its felling mechanism. The delimbing (D) of real trees ( Fig. 3b ) was made on nine selected Scots pine trees with diameters at the butt end varying from 27 to 98 cm. Before the measurements, the branches were removed at a distance of 50 cm from the stem trunk, and the diameters of stems and branches were measured (Table I ). The mass was calculated using tree volume and a density of 800 kg/m 3 . The number of braches on a tree varied from 25 to 92 and the mean diameter of the five thickest branches varied form 44 to 180 mm. Number of branches 52 15
Number of branches thicker than 4 cm 28 12
Mass (kg) (min 196 kg, max 2100 kg) 1297 870
Measurements and analysis
Measurement of vibration was made with nine accelerometers of which eight were used simultaneously. They were connected to an eight-channel charge amplifier (Bruel & Kjaer 5819) and recorded with a DAT Recorder (Sony 208) with a 1000 Hz low-pass filter and a sampling rate of 3 kHz. The accelerometers (Brüel & Kjaer 4366 and 4368) were screwed close to each other in the three orthogonal directions (X, Y, and Z) according to ISO 2631-1 (13) . The accelerometers were mounted on both the crane foot and on the cabin floor (close to the seat base). A tri-axial seataccelerometer (Bruel & Kjaer 4322) was placed on the seat pad. The harvester design made it possible to have the same coordinate system for crane, cabin, and seat for the vibration measurements (Fig. 1) . A calibration of each accelerometer was made with a calibrator (Bruel & Kjaer 4294) both before and after the measurements. One accelerometer was disconnected at each accelerometer set-up for experimental felling (EF), and five combinations of different accelerometer setups were used and replicated 20 times per crane angle. The X-, Y-, and Z-directions at the cabin floor and the X-and Y-directions on the seat were measured in all accelerometer set-ups (100 replications per crane angle). Sixty replications in the Zdirection on the seat and 40 replications in the X-, Y-, and Z-directions on the crane foot were done. The effect of crane angles (0 o , 45 o , and 90 o ) on vibration levels was only tested during EF. In experimental delimbing (ED) (14 replications) and delimbing (D) (9 replications), the vibration was not recorded in the Z-direction on the seat. The recorded time during each ED ranged from 2 to 3 seconds and during D 5 to 25 seconds. The recorded time during both ED and D describes the whole delimbing process. For EF, only a two second segment -"when the top hits the ground" -was analysed (Fig. 4) . The data was sampled and analysed in a 1/3-octave analyser (Bruel & Kjaer 3560) within the frequency range of 0.1 to 400 Hz according to ISO 2631-1 (13) . In the analysis, the measured vibrations were treated as a single event, and the analyses over the event were repeated until the error in the analysis was reduced to less than 10%. The analysis generated was made over all replications and for the three directions. The summarised accelerations (SA) were calculated as the root-sum-ofsquares for the whole frequency range (WFR) of 0.1 to 400 Hz and for low (LFR), middle (MFR), and high (HFR) frequency ranges, 0.1 to 8, 10 to -100, and 125 to 400 Hz, respectively.
The proportion of the transmitted vibration from the crane to the floor was calculated by dividing the vibration on the floor by the vibration on the crane foot. The transmitted vibration from the floor to the seat was calculated in the same way. The calculation was based on root mean square values within each frequency range or on the whole measured range, 0.1 to 400 Hz.
The EF study was designed as a factorial experiment, consisting of five blocks with different accelerometer set ups. ED and D consisted of two blocks with the same accelerometer set up. In the statistical analysis, the data from all blocks were added together and considered as one block. The statistical analysis was performed with the Minitab software package (version 13.2). Means and standard deviations were calculated for all cases. The selected level of significance was p<0.05. All significant differences were tested for each frequency range individually. To analyse the significant differences between the directions/locations within a block, analysis of variance (ANOVA) was carried out using the One-way Analysis of Variance model y ij = µ + α i + ε ijk , where µ = total mean, α i = direction/location of each accelerometer, and ε ijk = residual.
To analyse the differences between (1) delimbing operations (ED and D) and (2) crane angle in each variable (vibration direction/location), ANOVA was carried out using One-way Analysis of Variance model y ij =µ + α i + ε ijk , where µ = total mean, ε ijk = delimbing operation in a certain direction/location for (1) and crane angle in a certain direction/location for (2) and ε ijk = residual. Tukey's test was used to test significant differences. All significant differences were tested for each frequency range individually. The acceleration values presented in the results are nonfrequency weighted.
RESULTS
In general for the whole frequency range, the vibration levels decreased considerably from crane foot to cabin floor to seat, and especially from cabin floor to seat.
Experimental felling
During felling, the accelerations were 0.52 to 1.40 m/s 2 , 0.20 to 0.34 m/s 2 , and 0.009 to 0.047 m/s 2 on the crane foot, cabin floor, and seat (Table II) . The highest acceleration levels regardless of crane angles were found on the crane foot in the Zdirection. On the cabin floor and for crane angle 90 o , the highest accelerations was found in the X-and the Z-direction. Moreover, on the crane foot the accelerations in the high frequency region dominated in the Z-direction.
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A typical time plot of the recorded acceleration in the Z-direction during the experimental felling (EF). The major effect of the crane angle was apparent on the cabin floor where the acceleration increased with increased crane angle in both the X-and Z-directions. In the Y-direction, the acceleration decreased with increased crane angle.
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Delimbing
During delimbing the acceleration for all directions varied between 0.16 to 1.79 m/s 2 and 0.20 to 0.31 m/s 2 on the crane foot and cabin floor, respectively (Table III) . High acceleration levels were found in the Z-direction on the crane foot for the higher frequencies.
During delimbing, the accelerations for all three directions were 1.43 to 5.23 m/s 2 on the crane foot and 0.32 to 0.43 m/s 2 on the cabin floor (Table III) . High accelerations on the crane foot were found in the Z-direction concentrated at frequencies above 125 Hz. In general, the acceleration was higher for delimbing compared to the experimental delimbing on the crane foot, especially for the low and high frequency areas (Table III) . Moreover, estimation of variation (standard deviation) is lower for the experimental delimbing compared to delimbing of real trees.
Transmitted vibration
In general, the transmission of vibrations for the whole chain from the crane foot to the seat was less than 9%. The percent of transmitted vibration from the crane foot to the cabin floor was higher than from the cabin floor to the seat (Table IV) . For the whole frequency area, the transmission of vibrations was lowest in the Zdirection (20-22% from the crane foot to the cabin floor and 3-4% from the cabin floor to the seat). The highest transmission of vibrations from the crane foot to cabin floor occurred for frequencies below 100 Hz (35-100%). From cabin floor to the seat, most transmission occurred for frequencies below 8 Hz in X and Y directions (11-30%). 
DISCUSSION
In this study, the approach was to standardise some of the work elements to increase the accuracy and repeatability of the vibration measurements when studying a working harvester. Vibration measurements during felling and delimbing were chosen as examples of crane work. Time duration per harvested tree with the singlegrip harvester at shelter wood harvesting may have a duration of 40 to 50 seconds (18) . The time-share for the studied work elements delimbing and felling (cut and
Lage Burstrom Tomas Nordfjell, Iwan Wasterlund, and Lisa Tabell wait for tree to fall) was measured to be between 10 and 40% of that time. Thus the work elements studied would make up about half of work time for harvesting a tree. Our approach towards standardised methods means some simplifications compared with real harvesting operations. For example, the log used during experimental felling had none of the branches the would normally dampen the fall, and had a lower gravity point compared to real trees. The felling was also carried out with a tree of a predefined length (6.5 m), whereas normal trees often reach heights of 20-30 m. During experimental delimbing, the branches were standardised with equal diameters (distances on a defined part of a stem) and only two branches per whorl. Although the average diameter of the branches was almost the same as during delimbing of real trees, the number of branches and the whole tree mass differed. As a result, the calculated processing speed during experimental delimbing (2.0 m/s) was higher and more even than in the delimbing of real trees (0.4-1.8 m/s). These differences have led to larger variations in the measured vibration during real delimbing compared to experimental delimbing.
In general, increased crane angles influenced the acceleration on the cabin floor. An increased crane angle increased movements in the X-and Z-directions presumably due to decreased stability of the machine. This was obvious during the measurement for the crane angle of 90 o when the rear tyre on the opposite side to the crane lifted about 20 cm during felling. By turning the crane and the cabin through 90 o , the Y-direction coincides with the machine direction and increases stability.
The major acceleration levels on the seat were found at low frequencies, but on the crane foot rather high accelerations occurred over the whole measured frequency range (cf . Tables II and III) . In general, the vibration transmission from the crane foot to the seat was below 10% for frequencies above 10 Hz and below 20% for lower frequencies (cf . Table IV) . This indicates good damping of the vibration, especially for high frequencies. This observation agrees with other studies (12, 14) . There is reason to believe the acceleration levels would have been higher without a crane damper since the crane damper reduced hydraulic pressure peaks by 40% and 10% during lift and swing functions respectively (17) .
It is worth noting the remarkably low measured acceleration levels on the crane foot in the Y-direction during experimental delimbing. The levels were at the same magnitude as the back ground vibrations from the engine; therefore, these angles do not represent a realistic situation and cannot be used to calculate realistic vibration transmission.
The frequency-weighted accelerations according to ISO 2631-1 on the seat in all three directions were below 0.04 m/s 2 for all experiments. Those levels are lower compared with other studies on forest machines (cf. 14, 19, 20) . Our experimental design differs, however, from the practical harvesting work studied in the referred studies and cannot be directly compared. These other studies also include transportation that is known to produce the highest acceleration levels (14) . On the other hand, our study can be repeated, but this is not the case with the studies referred to since work and environment will differ. By measuring the vibration at different locations, it was possible to study the vibration transmission form the source to the seat in order to provide guidance for future improvements in machine design. It is worth noting that lifting trees efficiently strongly depends on the operator's skill. A skilled operator is able to make more simultaneous crane movements and manage larger loads. Future measurements should be made with and without a crane damper and with different operators to clarify the differences. Another limitation is that the work elements studied occur as a single event within a short duration. This could have affected the accuracy of the measurements especially at lower frequencies.
Our attempts to standardise vibration measurements in a single-grip harvester have resulted in a measuring procedure that provides accurate and reproducible results as well as results that agree with results measured under real working conditions. The type of standardised vibration measurements is designed to provide information on the vibration performance of a typical forest harvester making it
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presumably easier and possible to compare various machines. This method could be adapted to harvesters of different sizes and models by using a number of different sizes on standardised trees. For example, a possible solution to make the study approach more realistic for a harvester of this size is to use standardised branches with higher shear strength than used here in the experimental delimbing. The natural variation of trees will cause problems when comparing different machines doing similar work. The attempts to organise the work elements into repeatable measurements was a good approach, although variation levels might be different for real forest work. On the other hand, by choosing simulated branches with a higher shear strength it is possible to reach more realistic levels during the standardised vibration measurements. This method, however, should be used with caution for assessing the operator's exposure to vibration (e.g., as defined by the EU-directive (21) since the vibration generated in a forest machine depends on factors additional to those specified here. Among others, the operator's experience, the condition of the harvester and its accessories, the terrain, and the duration of exposure influence vibration levels.
CONCLUSION
The vibration levels in a single-grip harvester decreased in each step in the vibration chain "crane foot -cabin floor -seat" with the result that less than 10% of vibration reached the seat pad. The angle between the crane and machine had only minor effects on the transmission. The experimental method used for measuring the vibration seems to provide a good way to conduct standardised measurements for different work elements.
